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FOREWORD 


This  report  summarizes  the  work  accomplished  on  NASA  Contract  NAS3-19709, 
"Evaluation  of  Flawed  Composite  Structural  Components  Under  Static  and  Cyclic 
Loading." 

The  program  was  sponsored  by  the  National  Aeronautics  and  Space 
Administration,  Lewis  Research  Center,  Cleveland,  Ohio.  Mr.  G.  T.  Smith,  NASA 
Lewis  Research  Center,  was  Project  Manager. 

Performance  of  this  contract  was  under  the  direction  of  the  Boeing  Military 
Airplane  Development  (BMAD)  organization  of  Boeing  Aerospace  Company. 

Dr.  R.  R.  June,  reporting  to  Mr.  D.  E.  Strand  who  heads  the 
Structures/Materials  Technology  organization,  was  the  Program  Leader. 

Mr.  T.  R.  Porter  was  the  Technical  Leader,  C.  R.  Speelmon  coordinated  specimen 
fabrication,  C.  C.  Kissler  provided  testing  support  and  L.  R.  Hause  was 
responsible  for  ultrasonic  inspection  support. 
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INTRODUCTION 


The  objective  of  this  program  was  to  derive  data  for  evaluating  the  integrity 
of  fiber  composite  components.  In  particular,  the  static  and  cyclic 
performance  of  three  potential  composite  laminate  designs  containing 
inadvertent  flaws  and  natural  defects  was  investigated.  The  results  address 
the  following  topics: 

1)  Effect  of  defect  type  and  size  on  static  fracture. 

2)  Effect  of  defect  type  and  size  on  fatigue. 

3)  Descriptions  of  the  effects  of  static  and  cyclic  loadings  on  damage 
accumulation  in  material  surrounding  the  various  stress 
concentrations. 

4)  The  effect  of  preloads  on  damage  growth,  static  strength,  and  cyclic 
load  behavior. 

5)  The  viability  of  proof  loading  as  a  qualification  method  for  advanced 
composite  structure,  and  the  development  of  approaches  to  application 
of  proof  testing. 

Data  were  obtained  on  the  effects  of  six  different  types  of  stress 
concentrations  or  flaws  (full  and  half  penetration  circular  holes,  full  and 
half  penetration  sharp  slits,  excessive  voids, and  delaminations)  on  the  static 
strength  and  fatigue  lives  of  three  different  graphite/epoxy  composite 
materials.  The  test  panels  were  fabricated  from  T-300/934  0.3  m  (12  in)  wide 
prepreg  tape.  Three  different  20-ply  laminates  were  tested.  These  included  a 
typical  angle  ply  laminate  ( ( 0/+45 /0/90 ) s ) 2 ,  a  laminate  that  is  representative 
of  polar/hoop  wound  pressure  vessels  (^/j^O^)^  and  a  laminate  that  is 
representative  of  fan  blades  for  turbine  propulsion  systems 
((0/+30/0*/-30/0)2)s  The  fan  blade  laminate  contains  four  plies  of  S-glass 
(denoted  by  *)  to  improve  the  fracture  performance.  Both  static  and  cyclic 
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tests  were  conducted  on  specimens  containing  one  of  three  different  sizes  of 
each  type  of  defect.  Comparison  specimens  were  preloaded  to  90%  of  their 
ultimate  load  capacity,  prior  to  static  and  cyclic  testing,  to  assess  the 
potential  effects  of  proof  loading.  Intermittent  nondestructive  inspection 
was  used  to  detect  changes  in  defect  geometry,  and  other  structural  changes 
occurring  in  the  region  immediately  surrounding  the  defects.  The  test  data 
were  evaluated,  using  current  composite  fracture  and  fatigue  analysis 
concepts.  The  effectiveness  of  using  proof  test  procedures  for  quality 
assurance  of  composite  components  was  evaluated. 

The  program  was  divided  into  six  tasks.  Task  I  defined  the  materials,  layups, 
fabrication  and  processing  steps,  defect  fabrication  methods,  and  design  and 
fabrication  of  test  specimens.  Tasks  II,  III,  and  IV  consisted  of  static, 
tension/tension,  and  tension/compression  cyclic  testing,  while  Task  V  included 
data  analysis  and  Task  VI  reporting. 

The  report  contains  a  presentation  of  the  specimen  preparation,  test 
procedures,  static  and  cyclic  test  results,  and  a  potential  proof  test 
method.  All  the  test  data,  ultrasonic  inspection  data,  crack  opening 
displacement  data,  and  photographs  of  the  test  specimens  are  included  in  the 
appendices. 
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SPECIMEN  DESIGN  AND  MANUFACTURE 


The  test  specimen  materials,  design,  and  fabrication  procedures  were  selected 
to  permit  the  generation  of  data  for  evaluation  of  flawed  structural 
components.  The  components  considered  were  a  general  purpose  laminate 
structure,  a  polar/hoop  wound  pressure  vessel,  and  a  turbine  engine  fan  blade. 

Materials 


The  materials  used  for  the  program  were  Thornel  T-300  graphite  fiber,  901 
S-glass  fiber,  and  Fiberite  934  epoxy  resin.  Intermediate  stiffness 
graphite/epoxy  was  selected  as  the  basic  material  for  the  program,  because  of 
its  wide  usage,  moderate  cost,  and  established  structural  performance.  The 
Thornel  T-300  graphite  fibers  were  selected  since  they  can  be  supplied  with  a 
twist  making  them  suitable  for  general  purpose  structure  as  well  as  filament 
winding  pressure  vessels.  The  fiberite  934  resin  system  satisfied  the 
requirements  of  a  general  purpose  epoxy  and  has  a  wide  range  of  applications 
in  aerospace  structures.  In  the  turbine  engine  fan  blade  layup  901  S-glass 
fiber  plies  were  interspersed  with  the  T-300  fiber  plies  to  improve  impact 
damage  resistance  of  the  laminate.  This  S-gl ass/graphite  hybrid  was  selected 
on  the  basis  of  prior  work  (References  1  through  3)  demonstrating 
significantly  improved  impact  damage  tolerance. 

Layups  and  Stacking  Sequences 

Three  different  layups  were  used  in  the  fabrication  of  test  specimens,  as 
shown  in  Figure  1.  The  first  layup  (Ll)  was  a  20-ply  balanced  layup 
representative  of  a  practical  aerospace  application.  This  layup  is  moderately 
directional,  and  would  be  used  to  support  biaxial  loads  having  about  a  2:1 
ratio.  The  second  layup  (L2)  is  representative  of  spacecraft  pressure 
vessels,  fabricated  using  both  polar  and  hoop  wraps.  The  third  layup  (L3)  is 
representative  of  turbine  fan  blades  or,  possibly,  tubular  support  struts. 

The  S-glass  fiber  was  included  as  zero  degree  plies. 
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The  stacking  sequence  for  layup  LI  was  selected  based  on  symmetry  and  load 
transfer  requirements.  The  stacking  sequence  was  ( (0/+45/0/90)s )  and  has 
distributed  (0)  plies  throughout  the  thickness. 

The  stacking  sequence  for  layup  L2  is  representative  of  a  typical  pressure 
vessel  layup.  There  are  two  basic  approaches  to  polar/hoop  wrapping  of 
aerospace  pressure  vessels.  If  the  hoop  thickness  is  thin,  all  the  polar 
wraps  can  be  applied  at  once  followed  by  all  the  hoop  wraps.  When  the  hoop 
thickness  is  too  large  to  prevent  slippage  of  the  hoop  wraps  at  the  end  of  the 
cylinder,  the  polar  and  hoop  wraps  are  interspersed.  This  would  typically  be 
accomplished  by  applying  one  revolution  (2  plies)  of  polar  wrap  followed  by 
three  plies  of  hoop  wrap.  The  resulting  stacking  sequence  is 
(0/0/0/+80/-80) .  Hence,  stacking  sequence  for  laminate  L2  was 
(( 0/0/0/ +80/-80 )  2 )  5 . 

The  stacking  sequence  for  layup  L3  was  representative  of  those  used  in 
composite  turbine  engine  blades.  Two  possible  approaches  are  the  dispersed 
ply  approach  and  the  core-shell  approach.  The  dispersed  ply  approach  was  used 
because  such  layups  are  less  subject  to  delamination  due  to  foreign  object 
impact.  A  representative  stacking  sequence  then  becomes 

((0/+30/0*/-30/0)2)$  .  The  asterisks  indicate  the  plies  that  are  replaced  with 
S-glass  to  increase  fracture  toughness  of  the  laminate.  Replacement  of  the 
middle  ply  results  in  an  even  distribution  of  the  hybridizing  material 
throughout  the  panel. 

Test  Specimen  Configuration 

The  test  specimen  configuration  is  shown  in  Figure  2.  The  76  mm  (3.0  in) 
width  was  chosen  to  provide  specimens  large  enought  to  preclude  significant 
interaction  between  the  stress  concentration  and  stress-free  specimen 
boundaries.  The  specimen  was  designed  so  that  the  stress  concentration  factor 
for  the  largest  defect  would  be  within  five  percent  of  the  corresponding 
stress  concentration  factor  for  an  infinitely  wide  plate.  The  test  section 
was  selected  as  twice  the  specimen  width  to  ensure  representative  load 
distribution  around  the  imposed  defect*  The  zero  degree  laminate  direction 
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corresponds  to  the  axial  direction  of  the  specimen.  Woven  fiberglass  grip 
tabs  were  bonded  to  the  specimen. 

Test  Specimen  Fabrication  and  Processing 

Specimen  fabrication  and  processing  steps  are  illustrated  in  Figure  3. 
Laminates  were  laid  up  and  cured  in  81  cm  (32  in)  wide  panels  having  lengths 
ranging  up  to  244  cm  (100  in).  Specimens  for  laminates  L2  and  L3  were  cut 
from  a  single  panel.  Two  panels  were  requred  for  LI  specimens.  The 
fiberglass  end  tabs  were  bonded  to  the  basic  laminates.  Finally,  the  panels 
were  sawcut  into  specimen  blanks.  The  panel  fabrication  steps  were  as  follows: 

1)  Remove  material  from  freezer  and  allow  it  to  come  to  room  temperature 
before  unwrapping. 

2)  Unwrap  material  and  cut  tape  to  length.  Use  a  template  to  cut  angle 
plies  to  size.  (Allow  excess  on  all  edges.) 

3)  Lay  up  plies. 

4)  Debulk  after  4th,  8th,  12th,  16th,  and  20th  ply  by  holding  the 
laminate  under  vacuum  for  15  to  20  minutes. 

5)  Cover  laminate  with  perforated  FEP,  one  ply  of  1581  fiberglass 
bleeder  for  each  four  plies  of  laminate,  a  layer  of  nonperforated 
FEP,  a  metal  caul  sheet,  two  layers  of  1581  fiberglass  breather,  and 
a  vacuum  bag. 

6)  Cure  laminate  in  an  autoclave  using  the  following  cure  cycle: 
o  Apply  vacuum. 

o  Increase  autoclave  temperature  so  that  laminate  temperature 
increases  at  a  rate  of  0.5  to  2. 8°C  (1  to  50F)  per  minute. 
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o  Hold  60  min  at  (121°C  +5.5°C)  (250OF  +20°F). 

o  Apply  689  kPa  (100  psi)  pressure  15  minutes  after  the  laminate 
reaches  temperature. 

o  Increase  laminate  temperature  to  177°C  +5.5°C  (350°F 
+10°F)  at  a  rate  of  0.5  to  2.8°C  (1  to  5°F)  per  minute. 

o  Hold  at  temperature  for  120  min  +5  min.,  then  cool  under 
pressure. 

7)  Cut  laminate  panels  to  length  of  test  specimens. 

8)  Lay  up  fiberglass/epoxy  grips  on  the  panel  edges. 

9)  Vacuum  bag  and  cure  in  an  autoclave  at  121°C  (250°F). 

10)  Remove  panels  from  autoclave  and  cut  specimens  from  the  panels. 
Specimen  Defect  Geometry 

A  number  of  defects  can  occur  in  composite  laminates  due  to  either 
manufacturing,  handling,  or  inservice  damage.  Defects  that  can  be  found  in 
the  basic  laminates  are: 

1)  Excessive  porosity  or  voids  due  to  contamination  of  the  prepreg 
materials,  geometrical  restrictions  that  prevent  the  escape  of 
volatiles  during  cure,  or  low  curing  pressure. 

2)  Wrinkled  or  nonaligned  fibers  due  to  improper  layup,  thickness 
changes,  etc. 

3)  Resin-rich  and  resin-starved  areas. 

4)  Impacted  damaged  surface  areas,  resulting  in  delaminations  or  broken 
fibers. 
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5)  Scratched  or  gouged  surfaces  caused  by  mishandling  during  manufacture 
or  inservice  damage. 

There  are  also  a  number  of  defects  associated  with  the  use  of  fasteners  in 
composite  structure.  Some  of  these  are: 

1)  Delaminations  near  the  exit  side  of  drilled  holes  due  to  inadequate 
backing  or  excessive  drill  pressure. 

2)  Overly  deep  countersinks. 

3)  Local  damage  due  to  excessive  fastener  torque. 

4)  Resin  starved  bearing  surfaces,  resulting  from  excessive  heat  from 
drilling. 

5)  Relocated  holes  where  mislocated  holes  have  been  redrilled. 

The  potential  effects  of  several  of  these  defects  were  assessed  by  testing 
laminates  containing  defects  simulated  by  stress  concentrations.  These  defect 
types  can  be  categorized  as  (1)  sharp  defects  that  break  or  cut  filaments,  (2) 
blunt  defects  that  cut  or  break  filaments,  (3)  delaminations,  and  (4)  poor 
resin  properties.  The  defect  categories  that  include  cut  or  broken  filaments 
were  represented  by  holes  and  sharp  slits.  Both  full  penetration  (FP)  and 
half  penetration  (HP)  holes  and  slits  were  tested,  as  shown  in  Figure  4.  The 
delaminations  were  produced  by  inducing  a  disbond  into  the  laminate  during 
cure.  In  addition  to  these  stress  concentrations,  potential  natural  defects 
typical  of  the  particular  laminate  application  were  also  tested,  as  shown  in 
Figure  5. 

For  laminate  LI,  specimens  were  tested  that  had  holes  containing  overly  deep 
countersinks.  Deep  countersinks  are  often  unavoidable  due  to  the  lack  of 
thickness  of  laminate  skins.  This  condition  was  simulated  by  countersinking 
holes  so  that  the  countersink  extended  through  the  laminate  thickness  and  left 
a  sharp  edge  at  the  exit  side  of  the  hole. 
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For  filament-wound  pressure  vessels,  great  care  must  be  taken  to  provide  the 
correct  pressure  during  cure.  Hence,  it  is  appropriate  to  investigate  the 
effects  of  low  pressure  on  fracture  and  fatigue  strength  of  laminate  L2. 

Three  variations  of  curing  pressure  were  used,  345  kPa  (50  psi),  172  kPa  (25 
psi),  and  86  kPa  (12.5  psi).  The  normal  curing  pressure  is  689  kPa  (100 
psi). 

For  laminate  L3,  tests  were  conducted  in  a  20-ply  layup  that  contained  no 
S-glass.  These  tests  were  conducted  to  allow  an  evaluation  of  the 
effectiveness  of  the  S-glass  in  increasing  the  fracture  toughness  of  the 
laminates. 

The  hole  and  slit  sizes  selected  for  test  were  3.18  mm  (0.125  in),  9.52  mm 
(0.375  in),  and  15.87  mm  (0.625  in).  These  sizes  cover  the  range  of  most 
practical  fastener  diameters.  They  are  also  at  the  threshold  of  detectable 
damage  sizes  for  many  common  inspection  procedures.  The  same  sizes  were  used 
for  the  surface  length  of  the  half  penetration  defects,  since  when  partial 
penetration  damage  exists  in  structure,  the  most  obvious  dimension  is  the 
length  of  the  damage  on  the  surface. 

The  type  and  size  codes  used  to  identify  each  of  the  defects  are  given  in 
Table  I. 

All  slits  were  perpendicular  to  the  primary  load  carrying  direction  of  each 
laminate.  This  means  that  they  were  perpendicular  to  the  zero  degree  fibers. 
The  zero  degree  fibers  correspond  to  the  hoop  direction  of  a  cylindrical 
filament-wound  pressure  vessel  for  laminate  L3. 

The  slits  were  fabricated  by  means  of  ultrasonic  machining.  Ultrasonic 
machining  is  typically  used  to  produce  cuts  of  difficult  configuration  in 
nonconductive  materials.  Circular  cutter  tips  were  machined  with  a  thickness 
of  0.06  inch  and  a  sharp  radius.  The  ultrasonic  vibrations  of  the  cutter 
produce  a  lapping  action  in  an  abrasive  slurry  that  carries  away  the  excess 
material  as  the  cutter  penetrates  the  part.  The  slit  radius  in  the  composite 
laminate  was  typically  about  0.127  mm  (0.005  in)  with  a  smooth  surface. 
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Figure  6  shows  a  typical  partial  penetration  flaw  that  has  been  sectioned  to 
illustrate  the  root  geometry. 

The  full  penetration  circular  holes  were  drilled,  and  the  half  penetration 
circular  holes  were  end  milled. 
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TEST  PROCEDURES 


The  test  program  had  the  following  objectives  for  each  layup  and  defect: 

1)  Evaluate  the  initial  static  strength. 

2)  Establish  maximum  cyclic  stresses  for  given  cyclic  lives. 

3)  Monitor  the  residual  static  tensile  strength  during  cyclic  loadinq. 

4)  Evaluate  the  effects  of  proof  loading  on  cyclic  and  static  behavior. 

These  objectives  were  satisfied  by  following  the  test  load  sequences  shown  in 
Figure  7.  The  numbers  of  test  specimens  and  test  conditions  are  defined  in 
Tables  II,  III,  and  IV. 

The  first  specimen  in  each  series  was  static  loaded  to  failure.  The  second 
specimen  was  preloaded  to  90%  of  the  failure  load,  unloaded,  and  then  residual 
static  loaded  to  failure.  The  remaining  specimens  were  cyclic  tested. 

However,  one-half  of  these  remaining  specimens  were  statically  preloaded  to 
90%  of  the  first  specimen  failure  load  prior  to  cyclic  test. 

The  cyclic  testing  included  specimens  that  were  "fatigue  to  failure"  tests  and 
"fatigue/residual  static"  tests.  The  maximum  fatigue  load  was  limited  in  most 
cases  to  90%  of  the  static  preload  (81%  of  the  estimated  static  strength). 

This  was  established  as  an  upper  limit  for  use  in  structural  applications. 

The  cyclic  loading  in  each  test  was  limited  to  a  maximum  predetermined  number, 
as  defined  in  Tables  III  and  IV.  In  the  cyclic  tests  where  failure  did  not 
occur  after  10^,  105,  or  1.5  x  10®  cycles  as  appropriate,  the  specimens 
were  loaded  to  failure  to  obtain  the  residual  static  strength. 

In  this  manner,  fatigue  life  data  were  defined  for  stress  levels  up  to  81%  of 
the  static  strength,  and  cyclic  lives  to  1.5  x  106  cycles.  For  test 
specimen  configurations  that  had  fatigue  behavior  that  exceeded  these 
conditions  ( i . e. ,  no  fatigue  failures  at  81%  of  static  strength  and  1.5  x 
10®  cycles),  these  conditions  were  considered  to  be  the  minimum 
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performance.  However,  this  minimum  fatigue  performance  would  exceed  nearly 
all  practical  requirements. 

Both  the  baseline  static  and  the  residual  static  test  specimens  were  loaded  to 
failure,  using  a  loading  rate  of  about  1100  N/s.  This  loading  rate  resulted 
in  failure  in  about  one  minute  after  the  onset  of  loading.  This  loading  rate 
was  also  used  for  applying  the  preload. 

The  majority  of  the  cyclic  testing  was  performed  using  tension/tension  loading 
(R  =  0.05).  Comparison  cyclic  testing  was  performed  on  laminate  LI  test 
specimens  with  tension/compression  loading.  Two  cyclic  stress  ratio  values  of 
R  =  -1.0  and  R  =  -0.5  were  included  in  these  tests.  The  compression  loaded 
test  specimens  were  supported  with  two  plates  covering  the  specimen  faces 
between  the  grips.  The  face  plates  were  constructed  of  13  mm  (0.5  in) 
aluminum  and  faced  with  Teflon  to  minimize  surface  friction.  The  plates  were 
clamped  to  the  specimen  using  finger-tight  bolts  at  the  plate  edge.  A  51  mm 
(2.0  in)  diameter  central  cutout  in  both  plates  was  placed  over  the  defect  for 
instrumentation  and  inspection  access,  and  to  allow  out  of  plane  displacements 
around  the  defect.  The  edges  of  the  specimen  were  fully  supported  since  the 
specimen  width  is  greater  than  the  hole  size.  The  51  mm  (2.0  in)  diameter 
circular  portion  of  the  test  specimen  would  be  stable  for  panel  buckling. 

All  flawed  specimens  were  continuously  instrumented  throughout  each  test  to 
detect  both  the  time,  at  which  and  the  manner  in  which,  structural  changes 
occur  in  the  region  immediately  surrounding  the  defect.  This  was  accomplished 
by  continuous  monitoring  of  the  displacement  across  the  stress  concentrations 
using  clip  gages.  Clip  gages  were  spring-loaded  against  knife  edges  bonded  to 
the  specimen  surface  at  the  specimen  centerline.  For  all  but  the  5/8  FP 
holes,  the  knife  edges  were  located  immediately  above  and  below  the  stress 
concentration,  as  illustrated  in  Figure  8.  For  the  test  specimens  containing 
the  largest  full  penetration  holes,  knife  edged  supports  were  placed  against 
the  hole  surfaces.  In  static  tests,  both  clip  gage  and  load  cell  were 
connected  to  an  X-Y  recorder  to  produce  a  recording  of  load  versus  clip  gage 
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displacement.  In  the  cyclic  tests,  the  clip  gage  was  connected  to  a  strip 
chart  recorder  to  obtain  a  recording  of  deflection  amplitude  versus  cycles. 

The  fatigue  test  specimens  were  cycled  at  a  maximum  frequency  of  10  Hz.  The 
cyclic  frequency  was  reduced  to  1  Hz  for  the  first  cycles,  and  again  when 
reading  the  instrumentation. 

The  tests  were  performed  in  room  temperature  laboratory  air.  These  ambient 
conditions  were  nominally  20OC  (70OF)  and  40%  relative  humidity. 
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STATIC  FRACTURE  TEST  BEHAVIOR 


The  static  testing  is  discussed  in  this  section.  All  test  data  are  tabulated 
in  Appendix  A  of  this  report.  Figures  9  through  14  present  static  failure 
stresses  and  residual  static  stresses,  after  preloading,  for  all  the  test 
laminates  and  defect  types. 

The  results  for  the  half  penetration  slit  tests  show  less  effect  of  slit 
surface  length  on  strength  degradation.  A  comparison  betwen  the  static  (NPL) 
and  residual  static  after  preload  (PL)  specimens  can  also  be  made  from  these 
figures.  The  residual  static  results  for  the  laminate  Ll  specimens  show  a 
slight  increase  over  the  NPL  specimens.  This  trend  was  not  consistent  with 
the  L2  and  L3  laminate  specimen  results.  In  all  three  laminates,  a  hole  and  a 
slit  of  equal  transverse  size  had  essentially  the  same  effect  on  static 
strength.  It  can  also  be  seen  from  the  results  shown  in  Figure  9  that  the 
full  depth  countersink  hole  has  a  strength  that  corresponds  to  a  hole  size 
equal  to  the  average  diamater. 

The  low  cure  pressures  used  in  laminate  L2  static  specimens  did  not  have  an 
effect  on  static  strength.  This  result  is  consistent  with  the  conclusion  that 
the  static  tension  properties  are  fiber  dominated  in  these  layups,  and  are  not 
influenced  by  the  changes  in  matrix  properties  associated  with  the  low  curing 
pressures  investigated.  These  data  do  not  support  the  need  for  tight  control 
of  cure  pressures  in  pressure  vessels. 

A  comparison  of  the  fracture  stress  of  laminate  L3  panels  for  the  S-glass 
hybrid  and  the  all-graphite  layups  is  given  in  Figure  14.  These  results  show 
an  improvement  in  fracture  stress  for  the  hybrid  laminate. 

Examination  of  the  failure  faces  and  crack  opening  displacement  (COD)  records 
reveals  a  difference  in  the  fracture  behavior  of  the  three  laminates.  Sample 
crack  opening  displacement  records  from  testing  of  each  of  the  three  laminates 
with  a  full  penetration  hole  are  shown  in  Figures  15,  16,  and  17.  All  the 
crack  opening  data  records  are  included  in  Appendix  C.  The  tests  for  one 
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specimen  configuration  are  included  on  one  figure.  The  first  recording  in 
each  figure  is  from  the  static  fracture  test,  followed  by  the  preload  record, 
the  residual  static  fracture  record,  and  the  preloaded  fatigue  specimen 
records.  Lamiate  LI  had  nearly  a  linear  COD  record  to  failure  as  shown  in 
Figure  15.  In  some  cases  there  is  an  indication  of  damage  growth  just  prior 
to  failure  that  is  are  manifested  by  sudden  small  increases  in  the  crack 
opening.  Laminate  Ll  failure  faces  showed  transverse  fracture  with  a 
relatively  small  amount  of  delamination.  Laminate  L2  (Figure  16)  demonstrated 
a  nonlinear  load-COD  relationship  with  an  indication  of  some  specimens  having 
a  larger  amount  of  sudden  damage  growth  prior  to  failure.  The  fracture  face 
of  laminate  L2  specimens  displayed  delamination  and  splitting.  The 
delaminations  occur  in  the  plane  of  +80  degree  plies.  The  load-COD  records 
for  laminate  L3  specimens  (Figure  17)  were  initially  linear,  with  sudden 
occurrences  of  damage  growth  prior  to  maximum  load.  There  was  a  sudden  drop 
in  maximum  load  when  the  graphite  fibers  failed  in  the  test  panel.  The  test 
panel  had  not  separated  into  two  pieces,  because  all  the  glass  fibers  had  not 
failed.  There  was  extensive  damage  to  the  panel,  however,  in  the  form  of 
fractures  and  delamination.  Continued  loading  of  the  panel  resulted  in 
separation  of  the  panel  at  a  much  lower  load  than  that  which  caused  the 
initial  fracture  of  the  graphite  fibers.  The  failed  test  specimen  has 
extensive  delamination  in  the  planes  of  the  S-glass.  Final  separation  of  the 
panel  resulted  in  fiber  pull-out  of  the  S-glass  giving  a  "broom  like" 
appearance.  The  COD  records  obtained  during  preloading  of  the  fatigue 
specimens  of  each  of  the  laminates  followed  the  trends  for  the  static  fracture 
specimens.  The  linear  behavior  of  the  Ll  laminates  resulted  in  a  single 
load/unload  curve.  The  COD  records  show  that  laminates  L2  and  L3  experienced 
damage  around  the  stress  concentration  due  to  the  application  of  the  preload. 

The  static  data  developed  for  the  three  laminates  were  examined  for  a 
consistent  trend  between  failure  stress  and  defect  size.  Figure  18  presents 
the  static  data  for  the  full  penetration  holes  and  slits,  as  a  function  of 
defect  size.  As  a  comparison  in  this  figure,  the  inherent  flaw  analysis 
prepared  by  Waddoups,  et  al  (Reference  4),  was  applied  to  the  data.  In  this 
analysis,  an  inherent  flaw  is  assumed  to  control  the  static  strength  of  the 
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undamaged  laminate,  and  is  assumed  to  exist  at  the  edge  of  holes  and  slits. 
This  condition  results  in  the  following  expressions  for  fracture  toughness 
parameters. 

For  slits  (through  center  cracks) 

% 

Ke  =  CJc[  TT  (a+aQ)  ] 

For  holes 

Kc  =  0c[TTao]J'2  F(a0/R) 

For  static  unnotched  strength 

Kc  =  °cC  1Tao^2 

where: 

Sq  =  inherent  flaw  size 

<jc  =  fracture  stress 

Kc  =  critical  stress  intensity  factor 

a  =  cne- half  slit  length  (for  through  center  cracks) 

R  =  hole  radius 

F(  )  =  Bowie  function  for  cracks  emanating  from  a  hole 

In  preparing  the  curves  presented  in  Figure  18,  the  data  for  the  unnotched 
tests  and  the  15.8  mm  (0.625  in)  slits  were  utilized  to  evaluate  the  two 
dependent  quantities  a  and  K  .  As  shown  in  the  figure,  constant  values  of 
the  a  and  K  provide  trends  that  are  quite  good  for  laminates  Ll  and  L3.  For 
L2,  the  smallest  damage  size  is  more  severe  than  predicted.  Also,  the 
inherent  flaw  size  computed  for  laminate  L2  is  much  larger  than  for  other 
laminates.  Similar  analyses  are  presented  in  Figure  19  for  the  average  stress 
failure  criteria  ,  and  in  Figure  20  for  the  point  stress  criteria  .  As  shown, 
the  three  fracture  prediction  methods  yield  comparable  results. 
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CYCLIC  LOAD  BEHAVIOR 


Figures  21  through  52  present  the  tension/tension  cyclic  test  data  for  the 
three  laminates.  The  figures  present  the  applied  gross  area  stress  as  a 
function  of  the  number  of  applied  load  cycles.  Triangle  symbols  represent 
static  fracture  tests,  and  circles  represent  cyclic  tests.  The  closed  symbols 
indicate  specimens  that  have  been  previously  preloaded  (PL).  An  arrow 
indicates  a  cyclic  test  that  did  not  result  in  a  fatigue  failure. 

A  review  of  the  data  confirms  the  high  resistance  of  all  the  laminates  to 
tension/tension  fatigue,  which  is  characteristic  of  such  composite  laminates. 
Only  the  laminates  L2  and  L3,  containing  half  penetration  defects  or  no  defect 
had  a  consistent  tendency  to  develope  fatigue  failures  in  less  than  1.5  x 
106  cycles.  This  is  illustrated  by  the  data  in  Figures  40,  42,  and  49 
through  52.  In  the  remaining  cases,  the  majority  of  the  cyclic  tests  were 
terminated  at  the  targeted  number  of  cycles. 

A  beneficial  effect  of  preload  was  noted  for  the  residual  static  fracture  test 
for  laminate  LI.  The  application  of  a  preload  to  a  laminate  Ll  specimen 
resulted  in  a  subsequent  increase  in  the  preloaded  specimen  residual  static 
strength  when  compared  to  the  nonpreloaded  static  test  result.  However,  the 
fatigue  data  do  not  show  such  an  effect  from  preloading. 

Results  of  the  laminate  Ll  tension/compression  fatigue  tests  are  presented  in 
Figures  53  through  62.  The  data  are  presented  as  applied  load  cycles  against 
the  maximum  tension  load.  Two  tension/compression  stress  ratios  R(R  =  min 
load/max  load)  were  tested,  (1)  fully  reversed,  R  =  -1  and  (2)  R  =  -0.5.  All 
test  specimens  were  the  general  purpose  20-ply  laminate  Ll.  This  laminate  is 
T- 300/93 4  graphite/epoxy  with  a  ((0/+45/0/90)s) 2  stacking.  On  the  figures, 
the  circles  represent  the  R  =  -1.0  fatigue  data,  the  squares  represent  the 
R  =  -0.5  fatigue  data,  and  the  triangles  represent  the  residual  static  tests 
of  the  specimens  that  did  not  fail  during  cycling.  The  closed  symbols 
represent  test  specimens  that  had  been  preloaded  (PL)  to  90%  of  the  estimated 
static  strength  prior  to  cyclic  test. 
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In  general,  the  test  data  indicate  a  significant  influence  of  the  compression 
loading  on  cyclic  life.  This  was  in  contrast  to  the  small  effect  found  for 
the  tension  loads. 

When  comparing  the  effects  of  the  various  types  of  defects,  it  was  noted  that 
increasing  the  notch  severity  had  a  greater  effect  on  static  than  on  the 
fatigue  properties.  This  is  illustrated  by  the  relative  fatigue  performance 
comparison  between  the  specimens  containing  holes  and  the  unnotched  specimens 
presented  in  Figure  63.  As  shown,  the  relative  fatigue  strength  of  the 
notched  specimens  is  greater  than  that  of  the  unnotched  specimens. 

The  test  results  of  disbond  defects  developed  in  this  program  were  found  to  be 
no  different  than  for  unnotched  specimens,  as  illustrated  in  Figure  64. 

i 

A  visual  comparison  of  the  test  specimens  after  cyclic  loadings  illustrated 
the  effect  of  layup  on  damage  propagation.  The  test  specimens  constructed 
from  laminate  LI,  ((0/+45/0/90)s )2 ,  showed  only  minimal  or  no  visual  damage. 
The  appearance  of  damage  was  evidenced  by  a  fine  craze  or  split  running 
parallel  to  the  loading  direction  of  the  outer  0°  plies.  Laminate 
L2  ((02/180)2)5  generally  displayed  greater  splitting  than  found  in  laminate 
LI.  The  splits  in  laminate  L2  penetrated  the  outer  plies,  and  were  up  to 
several  centimeters  in  length.  An  example  of  splitting  in  laminate  L2  is 
shown  in  Figure  65  for  a  fatigue  specimen  with  only  1,000  cycles.  A 
photograph  of  a  similar  specimen  from  laminate  L3  ((OA^O/OZ-SO/O^^in  Figure 
66  showed  only  minimal  damage.  Visual  examinations  of  laminte  LI  specimens 
displayed  even  less  damage.  It  was  concluded  that  the  cyclic  fatigue 
characteristics  are  influenced  by  the  clustering  or  dispersion  of  the  (0) 
plies  in  the  laminate. 

These  visual  observations  were  extended  by  the  use  of  ultrasonic  records. 

These  records  are  traces  of  through  transmission  scans  of  the  test  specimens 
made  with  a  Holosonics  Model  200  unit.  Both  signal  attenuation  and  a  time 
gate  were  used,  resulting  in  light  areas  for  delaminations  as  well  as  for  the 
edges  and  initial  defects.  The  inspection  records  from  a  half  penetration 
hole  are  presented  in  Figure  67.  In  this  case  delamination  occurs,  and  is 
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shown  to  extend  from  the  defect  in  a  direction  parallel  to  the  loading,  with 
the  greatest  extent  of  delamination  progressing  along  the  center  line  of  the 
panel.  A  similar  record  for  a  full  penetration  hole  is  shown  in  Figure  68. 

As  shown  in  this  figure,  there  is  no  apparent  damage  extension  from  the 
defect,  even  though  the  number  of  load  cycles  applied  is  much  greater. 

Records  for  a  full  penetration  hole  specimen  from  laminate  L2  ((O^/j^O^^  are 
shown  in  Figure  69.  The  extent  of  delamination  was  greater  for  laminate  L2 
specimens  than  for  LI. 

Similar  results  were  found  for  the  tension/compression  test  data.  Several 
examples  are  shown  in  Figures  70  and  71.  Results  for  a  half  penetration  slit 
are  shown  in  Figure  70.  For  this  type  of  defect,  the  damage  propagates  above 
and  below  the  initial  slit.  The  development  of  edge  delaminations  can  also  be 
seen  in  this  specimen.  The  edge  delaminations  developed  in  specimens  with 
small  or  no  initial  defects  that  were  cycled  at  relatively  high  stress 
levels.  Figure  71  presents  the  records  for  a  specimen  containing  a  half 
penetration  hole  where  the  delaminations  above  and  below  the  defect  can  be 
seen.  The  delamination  in  this  specimen  was  the  result  of  only  1,000  fatigue 
cycles. 

Appendix  B  of  this  report  contains  all  the  ultrasonic  C-scan  records.  These 
records  were  made  for  a  range  of  defect  types  and  loading  conditions. 

The  damage  growth  during  cyclic  loading  was  also  monitored,  using  a  crack 
opening  displacement  gage  that  was  recorded  during  the  cyclic  test.  These 
results  from  the  cyclic  testing  identified  the  time  of  damage  growth  during 
the  testing.  Appendix  D  contains  the  results  of  these  measurements. 
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PROOF  TEST  PROCEDURES  FOR  COMPOSITE  STRUCTURE 


The  development  of  data  for  establishing  proof  loading  techniques  for 
composite  structure  was  a  major  objective  of  this  program.  For  illustration, 
typical  requirements  for  proof  loading  are  shown  in  Figure  72.  A  key  element 
is  whether  the  initial  strength  and  the  cyclic  life  or  residual  strength 
distribution  are  controlled  in  the  same  manner  by  an  initial  defect;  i.e.,  is 
there  a  relationship  between  initial  static  strength  and  the  fatigue 
performance. 

A  second  requirement  is  that  the  application  of  the  proof  load  either  (1.)  does 
not  have  a  detrimental  effect  on  the  subsequent  structural  performance,  or  (2) 
the  effects  on  the  fatigue  behavior  can  be  accurately  assessed.  The 
application  of  the  preload  had  a  beneficial  effect  on  only  the  laminate  11 
static  test  behavior.  All  other  comparisons  including  the  fatigue  and  the 
residual  static  strength  after  cyclic  loading,  did  not  reveal  any  difference 
between  preloaded  and  non-preloaded  test  specimens.  Therefore,  the 
application  of  a  proof  load  was  not  considered  to  affect  the  subsequent 
performance  of  the  structure. 

As  a  first  step  in  the  development  of  a  proof  test  method,  the  cyclic  test 
data  developed  for  each  flaw  type  were  reviewed  to  determine  the  minimum 
cyclic  life  associated  with  given  cyclic  stress  levels.  It  was  recognized 
that  the  number  of  test  data  points  developed  for  each  specimen  configuration 
was  limited  (six  to  eight  specimens).  However,  there  is  a  systematic 
variation  in  defect  type  and  size  in  the  test  program.  For  this  reason,  the 
collective  data  demonstrate  the  consistent  trend  of  a  sharp  transition  between 
stress  levels  that  produce  early  fatigue  failures,  and  stress  levels  below 
which  no  failures  occur.  Because  of  this  result,  it  is  possible  to  construct, 
from  the  available  data  base,  S/N  curves  that  represent  the  maximum  allowed 
cyclic  stress  for  given  cyclic  lives.  Since  the  maximum  demonstrated  cyclic 
stress  was  used  when  constructing  the  curves,  further  testing  could  result  in 
higher  allowable  cyclic  stresses.  However,  because  of  the  curve  shape  and  the 
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relatively  high  cyclic  stress  test  results,  there  could  be  only  a  slight 
increase  in  the  result. 

As  the  next  step  in  the  evaluation  of  proof  loading  methods,  potential 
relationships  between  initial  static  strength  and  cyclic  behavior  were 
investigated.  The  quantitative  evaluation  of  such  a  potential  relationship  is 
an  integral  part  of  developing  a  useful  proof  test  method.  A  number  of 
techniques  have  been  proposed  (Reference  6  for  example),  using  analytical 
models.  Some  were  extensions  of  metallic  fracture  analysis  procedures. 

Because  of  the  large  flaw  type  and  flaw  size  data  base  developed  in  this 
program,  a  direct  experimental  approach  was  used.  As  a  step  in  this  approach 
the  minimum  cyclic  data  (S/N)  curves  found  for  each  of  the  defects  were 
defined.  The  initial  static  strength  found  for  test  specimens  that  contained 
the  same  defect  geometry  was  used  to  identify  the  curves.  As  illustrated  in 
Figure  73  for  the  laminate  Ll  data,  these  curves  present  a  systematic 
relationship  between  fatigue  performance  and  the  initial  static  strength  for 
all  types  of  defects  tested.  This  result  is  amplified  in  Figure  74  which 
defines  the  cyclic  stress  level  for  the  selected  cyclic  lives  of  1,  102, 

104,  and  106  as  a  function  of  the  initial  static  strength. 

Since  a  relationship  exists  between  initial  static  strength  and  fatigue 
behavior,  these  curves  then  define  the  proof  loading  requirements  to  meet 
defined  life  and  operating  stress  levels. 

Similar  analyses  were  performed  for  laminates  L2  and  L3.  The  results  were 
normalized  (to  the  undamaged  static  strength)  for  all  laminates  at  10® 
cycles,  and  are  presented  in  Figure  75.  As  can  be  seen,  laminates  Ll  and  L3 
display  nearly  identical  behavior,  while  laminate  L2  shows  a  slightly 
different  response.  However,  the  variation  between  all  three  is  only  slight, 
indicating  that  this  result  is  applicable  to  a  wide  variety  of  composite 
laminates. 
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CONCLUSIONS 


Three  composite  20-ply  laminates  representative  of  general  structure,  pressure 
vessels  and  turbo  engine  fan  blades  were  studied  to  develop  data  on  their 
static  and  fatigue  behavior.  The  test  results  presented  apply  specifically  to 
the  laminates  and  test  conditions  evaluated.  However  the  trends  define 
general  behavior  for  a  wide  range  of  laminate  configurations.  Some  general 
conclusions  that  are  discussed  in  detail  in  the  report  are  presented  below: 

1)  Initial  defects  of  the  type  that  cut  filaments  can  significantly 
reduce  the  static  tension  strength  of  composite  structure. 

2)  Graphite  fiber  composite  materials  are  relatively  insensitive  to 
tension/tension  fatigue,  and  may  be  cycled  at  high  percentages  of 
their  static  strength.  In  tension/compression  fatigue,  however, 
these  composite  materials  exhibit  increased  sensitivity. 

3)  Half  penetration  defects  are  less  severe  than  full  penetration 
defects  with  the  same  surface  length. 

4)  There  is  little  difference  between  the  performance  of  laminates  with 
circular  holes  or  with  sharp  slits  in  the  sizes  tested. 

5)  For  a  wide  range  of  flaw  types,  there  is  a  relationship  between 
initial  static  strength  and  cyclic  life.  This  relationship  was  found 
for  the  three  laminates  tested,  and  was  used  to  develop  proof  load 
requirements  for  the  types  of  composites  tested.  It  is  expected  that 
this  approach  will  be  applicable  to  other  graphite  fiber  composites 
as  well. 

6)  No  detrimental  effect  on  the  subsequent  fatigue  or  static  strength 
was  found  as  a  result  of  the  application  of  a  proof  load. 
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Table  1.  Defect  Type  and  Size  Code 


^•■■^Approximate  diameter 
^^\or  surface  length 
Defect  mm  (in) 

type 

3.18 

(0.125) 

9.52 

(0.375) 

15.9 

(0.625) 

Full-penetration  hole 

1/8  FP  hole 

3/8  FP  hole 

5/8  FP  hole 

Half-penetration  hole 

1/8  HP  hole 

3/8  HP  hole 

5/8  HP  hole 

Full-penetration  slit 

1/8  FP  slit 

3/8  FP  slit 

5/8  FP  slit 

Half-penetration  slit 

1/8  HP  slit 

3/8  HP  slit 

5/8  HP  slit 

1 00-degree  full-depth 
countersink  hole 

1/8  CSK  hole 

3/8  CSK  hole 

5/8  CSK  hole 

Circular  disbond  defect 
between  15th  and  16th  plies 

- 

- 

5/8  disbond 

Table  2.  Static  Test  Matrix 


Laminate 

Proof  load  (%  aujt) 

Number  of  tests 

Unflawed 

Specimens 

Circular  holes 

Sharp  slits 

Natural 

defects 

S 

1 

S 

2 

S 

3 

S 

1 

S 

2 

S 

3 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

Si 

CM 

CO 

S3 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

h 

90 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

■ 

0 

1 

1 

■ 

1 

■ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

9 

■  | 

H 

90 

1 

1 

1 

1 

■  I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

■ 

0 

1 

1 

| 

1 

ii 

1 

■ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

D 

90 

1 

1 

■ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Si'  $2*  S3  depict  defect  sizes 
FP  =  full  penetration  of  thickness 
HP  =  half  penetration  of  thickness 
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Table  3.  Tension  /Tension  Load  Test  Matrix 
Number  of  tests 


Laminate 

Proof  load  (%^ujt) 

Cyclic  stress 

Unflawed 

Circular  holes 

Sharp  slits 

Si 

s2 

S3 

si 

S2 

S3 

Natura 

defects 

1 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

FP 

HP 

si 

S2 

S3 

h 

0 

90 

°2 

°3 

°1 

°2 

°3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

B 

0 

90 

ff1 

°3 

a1 

a3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

■ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

B 

0 

90 

a1 

°3 

a1 

°3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

°V  °2’  °2  °3  ~  stress  *eve,s  corresP°nc,in9 t0  CYC,'C  ,ives  of  5°^  50,000,  and  10®  cycles,  respectively 


depict  di^erent  defect  sizes 
FP  =  full  penetration  HP  =  half  penetration 


Table  4.  Tension /Compression  Cyclic  Load  Test  Matrix 


Number  of  tests 

Circular  holes 

Sharp  slits 

Counter¬ 
sink  holes 

Disbond  defect 

0> 

X 

D 

LO 

i 

tA 

16 

h. 

Unflawed 

Si 

FP 

S3 

FP 

s3 

HP 

si 

FP 

si 

HP 

S3 

FP 

s3 

HP 

s3 

FP 

5/8 

-in  circ 

:ular 

Laminat 

_o 

H- 

0 

S 

Q_ 

(A 

o 

“o 

$ 

R 

-0.5 

R 

-1.0 

R 

-1.0 

R 

-0.5 

R 

-0.5 

R 

-1.0 

R 

-1.0 

R 

-1.0 

R 

-0.5 

R 

-1 .0 

R 

-0.5 

R 

-1.0 

R 

-1.0 

R 

-0.5 

R 

-1.0 

R 

+0.1 

ff1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

Li 

°3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

90 

a1 

B 

1 

0 

1 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

B 

1 

0 

6 

ava3  =  stress  levels  corresponding  to  cyclic  lives  of  500  and  10  cycles,  respectively. 

S-j,  Sg  depict  different  defect  sizes 

FP  =  full  penetration  HP  =  half  penetration 
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DESIGNATION 

- - 

MATERIAL 

LAYUP 

APPLICATION 

LI 

THORNEL  300/FIBERITE 

934  (T300/934) 

[<0/  -  45/0AM))gJ  2 

GENERAL  STRUCTURE 

L2 

T300/934 

[(oyisoijs 

PRESSURE  VESSELS 

L3 

T300/934  with  901 -S 

[(0/+30/0*/-30/0)2]  s 

TURBINE  ENGINE  FAN 
BLADES  OR  SUPPORT 
STRUTS 

•  PLIES  THAT  ARE  REPLACED  WITH  S-glass 

Figure  1.  Structural  Laminates  Evaluated 


5  PLIES  PER  FACE 


Figure  2.  Test  Specimen  Configuration 
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LOAD 


NDI  ■  NONDESTRUCTIVE  INSPECTION  NPL  -  NON-PROOF-LOADED  PL  -  PROOF-LOADED 


Figure  3.  Test  Program  Load  Sequences 
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STEP  3 


SAW  CUT 

SPECIMEN 

BLANKS 
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I 

(a)  Full-Penetration  Holes 
Code:  FP  hole 


1.5  (0.06) 


mum 


(b)  Half-Penetration  Holes 
Code:  HP  hole 


i 


i 


(c)  Full-Penetration  Slit 
Code:  FP  slit 


1.5  (0.06) 


(d)  Half-Penetration  Slit 
Code:  HP  slit 


Figure  5.  Stress  Concentration  Configurations  Tested 


LAMINATE 


DEFECT 


Figure  6.  Natural  Defect  Configurations  Tested  for  Each  Laminate  Type 
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I  It 


Figure  7.  Photomicrograph  Showing  Root  of  Ultrasonic  Flaw 


3.18mm 
.125  in ) 
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GROSS  AREA  ST 


(60) 


(40) 


(20) 


200 


0  L 
0 


•  Static  test 
□  Preload  (no  failure) 

■  Preload  (static  failure) 
A  Residual  static  test 


FULL 

PENETRATION 
(FP  HOLE) 

[l]>  Full-depth  countersink  hole 
(CSK  hole)  average  diameter 


15.9 


(0.125)  (0.375)  (0.625) 

HOLE  DIAMETER,  mm  (in) 


Figure  9.  Static  Test  Results  for  Laminate  L 1  Specimens  With  Holes 


GROSS  AREA  STRESS,  MPa  (ksi) 


GROSS  AREA  STRESS,  MPa  (ksi) 


(ksi) 

(140) 


0  (0.125)  (0.375)  (0.625)  (in) 

HOLE  DIAMETER,  mm  (in) 


Figure  11.  Static  Test  Results  for  Laminate  L2  Specimens  With  Holes 
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GROSS  AREA  STRESS,  MPa  (ksi) 


(ksi) 

(140) 


(120) 


(100) 


(80) 


(60) 


(40) 


(20) 


0 


0  (0.125)  (0.375)  (0.625)  (in) 

HOLE  DIAMETER,  mm  (in) 


Figure  13.  Static  Test  Resuits  for  Laminate  L3  Specimens  With  Holes 
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GROSS  AREA  STRESS,  MPa  (ksi 


(140) 


(120) 


(100) 


(80) 


(60) 


(40) 


(20) 


0 


0  (0.125)  (0.375)  (0.625)  (in) 

SLIT  LENGTH,  mm  (in) 


Figure  14.  Static  Test  Results  for  Laminate  L3  Specimens  With  Slits 
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TENSILE  LOAD 


P.127  mm| 

3.005  injp" 

CRACK  OPENING  DISPLACEMENT 


Figure  16 .  Crack  Opening  Displacement  Records  for  Laminate  L2 
Specimens  With  Full-Penetration  Hole 


0.127  mm 
(0.005  in) 

CRACK  OPENING  DISPLACEMENT 


Figure  17.  Crack  Opening  Displacement  Records  for  Laminate  L3 
Specimens  With  Full-Penetration  Hole 
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Inherent 


Figure  18.  Comparison  of  inherent  Flaw  Analysis  and  Static  Test  Data 


Unnotched 
Full-penetration  slit 
Full-penetration  hole 


(!»»)  Bdw  'ssayis  vauv  ssoao 
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Figure  20.  Comparison  of  Point  Stress  Analysis  and  Static  Test  Data 


GROSS  AREA  STRESS,  MPa  (ksi)  GROSS  AREA  STRESS,  MPa  (ksi) 


(ksi)  MPa 


CYCLES 

Figure  21.  Fatigue  Data  for  Laminate  L 1 5/8  FP  Hole 


(ksi)  MPa 


CYCLES 

Figure  22.  Fatigue  Data  for  Laminate  L  1  5/8  FP  Slit 
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Figure  23.  Fatigue  Data  for  Laminate  L 1 3/8  FP  Hole 
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Figure  24.  Fatigue  Data  for  Laminate  L 1 3/8  FP  Slit 
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GROSS  AREA  STRESS,  MPa  (ksi)  GROSS  AREA  STRESS,  MPa  (ksi) 


(0)1  0 


•  [  (G/±45/G/90)c  ]  2 
•R  =  0.05 

•3.18-mm  (0.125-in)  diameter 
full-penetration  hole 


8=^ 


NPL  PL 
A  A  static 

O  #  cyclic 


1  10  102  103  104  105  106 
CYCLES 

Figure  25.  Fatigue  Data  for  Laminate  L 1  1/8  FP  Hole 
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Figure  26.  Fatigue  Data  for  Laminate  L 1  1/8  FP  Slit 
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Figure  27.  Fatigue  Data  for  Laminate  L 1  5/8  HP  Hole 
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Figure  28.  Fatigue  Data  for  Laminate  L 1  5/8  HP  Slit 
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Figure  29.  Fatigue  Data  for  Laminate  LI  1/8  HP  Hole 
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Figure  30.  Fatigue  Data  for  Laminate  LI  1/8  HP  Slit 
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Figure  31.  Fatigue  Data  for  Laminate  L 1  5/8  CSK  Hole 
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Figure  32.  Fatigue  Data  for  Laminate  L 1  1/8  CSK  Hole 
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Figure  33.  Fatigue  Data  for  Laminate  LI  No  Initial  Defect 
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Figure  35.  Fatigue  Data  for  Laminate  L2  5/8  FP  Slit 
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36.  Fatigue  Data  for  Laminate  L2  With  Low  Cure  Pressure  and  5/8  FP  Hole 
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Figure  37.  Fatigue  Data  for  Laminate  L2  With  Low  Cure  Pressure  and  5/8  CSK  Hole 
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Figure  38.  Fatigue  Data  for  Laminate  L2  1/8  FP  Hole 
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Figure  39.  Fatigue  Data  for  Laminate  L2  1/8  FP  Slit 
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Figure  40.  Fatigue  Data  for  Laminate  L2  5/8  HP  S/it 
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Figure  41.  Fatigue  Data  for  Laminate  L2  1/8  HP  S/it 
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Figure  42.  Fatigue  Data  for  Laminate  L2  Specimens  With  No  Initial  Defect 
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Figure  44.  Fatigue  Data  for  Laminate  L3  5/8  FP  Slit 
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Figure  45.  Fatigue  Data  for  Laminate  L3  3/8  FP  Hole 
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Figure  46.  Fatigue  Data  for  Laminate  L3  3/8  FP  Slit 
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Figure  47.  Fatigue  Data  for  Laminate  L3  1/8  FP  Hole 
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Figure  48.  Fatigue  Data  for  Laminate  L3  1/8  FP  S/it 
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Figure  49.  Fatigue  Data  for  Laminate  L3  5/8  HP  Slit 
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Figure  50 .  Fatigue  Data  for  Laminate  L3  3/8  HP  S/it 
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Figure  52.  Fatigue  Data  for  Laminate  L3  With  No  Initial  Defect 
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Figure  53.  Tension  Compression  Fatigue  Data  for  Laminate  L 1,  No  Initial  Defect 
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Figure  54.  Tension  Compression  Fatigue  Data  for  Laminate  L 1,  Disbond  Defect 
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Figure  55.  Tension  Compression  Fatigue  Data  for  Laminate  L  1,1/8  FP  Hole 
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Figure  56.  Tension  Compression  Fatigue  Data  for  Laminate  L  1,5/8  FP  Hole 
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Figure  57.  Tension  Compression  Fatigue  Data  for  Laminate  L 1 ,  5/8  HP  Hole 
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Figure  58.  Tension  Compression  Fatigue  Data  for  Laminate  L  1,5/8  CSK  Hole 
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Figure  59.  Tension  Compression  Fatigue  Data  for  Laminate  L 1, 1/8  FP  S/it 
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Figure  60.  Tension  Compression  Fatigue  Data  for  Laminate  L 1,  5/8  FP  Slit 
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Tension  Compression  Fatigue  Data  for  Laminate  LI,  1/8  HP  Slit 
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Figure  62.  Tension  Compression  Fatigue  Data  for  Laminate  L 1,  5/8  HP  Slit 
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Figure  63.  Relative  Fatigue  Behavior  of  Unnotched  and 
Circular  Hole  Flawed  Specimens 


•  [(0/±45/0/90)S]  2 

•  R  =  -1.0 

O 


A-^O  ZED 


O  no  initial  defect 

Adisbond  (1.6-cm (5/8-in)  diameter  circular  disbond 
between  15th  and  16th  plies) 


Figure  64.  Comparison  of  Circular  Disbond  and  No  Initial  Defects 
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Figure  65.  Laminate  L2  Fatigue  Test  Specimen  —  5/5  FP  Hole,  1(fl  Cycles 
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Figure  66.  Laminate  L3  Fatigue  Test  Specimen  —  5/8  FPHole,  1.5  x  10  Cycles 
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Figure  6 7.  Ultrasonic  Scan  Records  of  Laminate  L 1  Specimen  Containing  5/8  HP  Hole 
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Figure  6 8.  Ultrasonic  Scan  Records  of  Laminate  L 1  Specimen ,  Containing  5/8  FP  Hole 


Figure  69.  Ultrasonic  Scan  Records  of  Laminate  L2  Specimen  Containing  5/8  FP  Hole 


•  Specimen  LI-10-27 

•  3.18  mm (0.1 25-in)  half-penetration  slit 


Figure  70.  Ultrasonic  Scan  Record  for  Laminate  L 1  Tension-Compression 
Fatigue  Test  Specimen  1/8  HP  Slit 
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AFTER  IQ3  CYCLES 


•  Specimen  LI-10-15 

•  15.8-mm  (0.625-in)  half-penetration  hole 

Figure  71.  Ultrasonic  Scan  Record  for  Laminate  L 1  Tension-Compression  Fatigue 
Test  Specimen  5/8  HP  Hole 
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Figure  72.  Potential  Proof  Test  Method 
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MAXIMUM  CYCLIC  STRESS,  Mpa  (ksi) 


(ksi) 

(90) 

(80) 

(70) 

(60) 

(50) 

(40) 

(30) 

(20) 

(10) 

(0) 


MPa 


I _ I _ I _ I _ I _ I - 1 - 1 - 1— 

(0)  (10)  (20)  (30)  (40)  (50)  (60)  (70)  (80) 

(ksi) 

STATIC  STRENGTH,  MPa  (ksi) 

PROFF  STRESS,  MPa  (ksi) 


Figure  74.  Proof  Stress  Requirements  for  Life  Assurance  of  Laminate  L 1 
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Figure  75.  Comparison  of  Proof  Stress  Requirements  of  Tested  Laminates 
at  10 6  Cyclic  Life 
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APPENDIX  A 


STATIC  AND  CYCLIC  TEST  DATA 


This  appendix 
reported  data 
gross  section 


contains  the  static  and  cyclic  test  data  for  all  specimens.  The 
include  specimen  geometry,  loadings  and  test  parameters.  The 
stresses  have  been  reported  for  all  the  critical  test  conditions. 
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APPENDIX  B 


ULTRASONIC  INSPECTION  DATA 


This  appendix  contains  copies  of  the  ultrasonic  C-scan  records  that  were 
developed  for  the  test  specimens.  The  records  are  identified  by  the  test 
specimen  number,  the  defect  code  and  a  brief  description  of  the  point  in  the 
test  sequence  the  inspection  was  made.  For  many  of  the  test  specimens, 
ultrasonic  inspection  was  performed  several  times  during  the  test  showing  the 
progressive  development  of  the  damage. 
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SPECIMEN  NUMBER  LI-5-9  10°  CYCLE 

5/8  FP  HOLE 


SPECIMEN  NUMBER  LI-4-1 
1/8  FULL  PENETRATION  HOLE 
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SPECIMEN  NUMBER  LI-6-4 
1/8  FULL  PENETRATION  SLIT 


1/8  FULL  PENETRATION  SLIT  1/8  FULL  PENETRATION  SLIT  1/8  FULL  PENETRATION  SLIT 


5/8  HP  HOLE 


SPECIMEN  NUMBER  LI-8-6  10J  CYCLES 
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SPECIMEN  NUMBER  LI-8-5  105 CYCLES 


1/8  HALF  PENETRATION  SLIT  ^8  HALF  PENETRATION  SLIT 
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SPECIMEN  NUMBER  L2-1-42  103  CYCLES 
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5/8  HP  SLIT 
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SPECIMEN  NUMBER  L2-44  1.5  x  10°  CYCLES 
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SPECIMEN  NUMBER  L3-1-5B 
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SPECIMEN  NUMBER  L3-1-55  1.6  x  IQS  CYCLES 

5/8  FP  SLIT 


5/8  FP  SLIT 


5/8  HP  SLIT 


NO  DEFECT 
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BEFORE  TEST  AFTER  CYCLIC  TEST 

SPECIMEN  NUMBER  LI-10-2  103  CYCLES 
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BEFORE  TEST  AFTER  PRELOAD 
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SPECIMEN  NUMBER  LMO-7  83,900  CYCLES 

1/8  FULL  PENETRATION  HOLE 
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5/8  FULL  PENETRATION  HOLE 
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5/8  HALF  PENETRATION  HOLE 
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5/8  HALF  PENETRATION  HOLE 


1/8  FULL  PENETRATION  SLIT 
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1/8  FULL  PENETRATION  SLIT 
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1/8  HALF  PENETRATION  SLIT 
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5/8  HALF  PENETRATION  SLIT 
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5/8  HALF  PENETRATION  SLIT 


SPECIMEN  NUMBER  LI-10-31  10°  CYCLES 
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SPECIMEN  NUMBER  LI-10-33  1.5  x  10°  CYCLES 


SPECIMEN  NUMBER  LI-11-1  10^  CYCLES 


APPENDIX  C 


STATIC  TEST  CRACK  OPENING  DISPLACEMENT  RECORDS 


This  appendix  contains  copies  the  machine  records  giving  the  crack  opening 
displacement  gage  reading  versus  the  static  test  machine  load.  Each  page 
generally  contains  the  records  for  all  the  static,  preload  and  residual  static 
tests  for  each  defect  configuration  and  laminate  type.  The  curves  are 
identified  by  specimen  number  and  defect  code.  The  value  of  the  maximum  test 
machine  load  as  read  from  test  machine  dial  is  also  recorded  on  the  record. 

The  letters  ULT  designate  an  ultimate  or  specimen  failure  load. 
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APPENDIX  D 


CYCLIC  TEST  CRACK  OPENING  DISPLACEMENT  DATA 


This  appendix  contains  the  results  of  crack  opening  displacement  measurements 
made  during  cyclic  loading.  The  total  displacement  measured  during  a  cycle 
was  divided  by  the  stress  excursion  giving  a  "compliance"  value.  This  data 
was  recorded  periodically  during  the  cyclic  test.  All  the  results  found  for  a 
particular  defect  type  are  given  in  each  figure.  Each  figure  is  identified 
with  the  defect  code  and  laminate  type. 
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Figure  D-1.  Cyclic  Load  Crack  Opening  Displacement  Result  (Sheet  1  of  6) 
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Figure  D- 1.  Cyclic  Load  Crack  Opening  Displacement  Result  (Sheet  2  of  6) 
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Figure  D- 1.  Cyclic  Load  Crack  Opening  Displacement  Result  (Sheet  4  of  6) 
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Figure  D-1.  Cyclic  Load  Crack  Opening  Displacement  Result  (Sheet  5  of  6) 


CRACK  OPENING  DISPLACEMENT/APPLIED  GROSS  STRESS 


(10-6  in3/lb)  mm3/N 


(0.5)  - 

(0.4)-  0.001 5 |- 
(0.3)  - 


(0.2) 

(0.1) 

(0)1- 


0  002 r  LAMINATE  L3 
1/8  HP  SLIT 


0.0010 

0.00051- 

0* 


10  102  103  104  105  106 

CYCLES 


MAXIMUM 

NPL 

PL 

APPLIED  CYCLES 

• 

i 

A 

▲ 

103 

□ 

■ 

105 

V 

▼ 

1.5x106 

Figure  D- 1.  Cyclic  Load  Crack  Opening  Displacement  Result  (Sheet  6  of  6) 


237 


APPENDIX  E 


PHOTOGRAPHS  OF  FAILED  TEST  SPECIMENS 


This  appendix  contains  photographs  of  typical  test  specimens  after  completion 
of  the  testing.  One  test  specimen  is  included  for  each  laminate 
configuration,  defect  type,  and  defect  size.  The  specimens  are  identified  by 
specimen  number,  defect  code,  and  testing  history. 
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•  Specimen  LI -10-2 

•  Laminate  L-1 

•  103  cycles 

•  Residual  static 


•  Specimen  L2-1-2 

•  Laminate  L2 

•  Preload 


#  Specimen  L3-1-22 

#  Laminate  L3 

#  10^  cycles 

9  Residual  static 


Figure  E-1 .  Test  Specimens  With  No  Initial  Defect 
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•  Specimen  LI-3-1 1  •  Specimen  LI-1-7  •  Specimen  LI-5-5 

•  1/8  FP  hole  •  3/8  FP  hole  •  5/8  FP  hole 

•  1.5  x  10®  cycles  •  105  cycles 

•  Residual  static  •  Static  •  Residual  static 

Figure  E-2.  Laminate  L  1  Test  Specimens  Containing  a  Full-Penetration  Hole 
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•  Specimen  LI-7-14 

•  5/8  FP  slit 

•  1.5  x  106  cycles 


•  Specimen  LI -2-6 

•  3/8  FPslit 

•  Preload 

•  Residual  static  •  Residual  static 

Figure  E-3.  Laminate  L 1  Test  Specimens  Containing  a  Full-Penetration  Slit 


•  Specimen  LI-6-5 

•  1/8  FP  slit 

•  105  cycles 

•  Residual  static 


•  Specimen  LI-1 -5  •  Specimen  LI-1-10  •  Specimen  LI-1-13 

•  1/8  HP  hole  *3/8  HP  hole  •  5/8  HP  hole 


•  Preload 

•  Static  •  Residual  static  •  Static 

Figure  E-4.  Laminate  L 1  Test  Specimens  Containing  a  Half-Penetration  Hole 
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•  Specimen  LI-2-3  •  Specimen  LI-2-8  •  Specimen  LI-2-1 1 

•  1/8  HP  slit  *3/8  HP  slit  *5/8  HP  slit 


•  Preload 

•  Static  •  Residual  static  •  Static 

Figure  E-5.  Laminate  L 1  Test  Specimens  Containing  a  Half-Penetration  Slit 
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#  Specimen  LI-8-7 

#  1/8  CSK  hole 

#  103  cycles 

#  Residual  static 


•  Specimen  LI-3-2 

•  3/8  CSK  hole 

•  Preload 

•  Residual  static 


•  Specimen  LI-8-12 

•  5/8  CSK  hole 

•  1.5x10  cycles 

•  Residual  static 


Figure  E-6.  Laminate  L 1  Test  Specimens  Containing  a  Hole  With  a  Full-Depth  Countersink 


•  Specimen  L2-1-25  •  Specimen  L2-1-6 

•  1/8  FP  hole  •  3/8  FP  hole 

•  1.5  x  106  cycles  •  Preload 

•  Residual  static  •  Residual  static  •  Residual  static 

Figure  E-7.  Laminate  L2  Test  Specimens  Containing  a  Full-Penetration  Hole 


•  Specimen  L2-1-29 

•  5/8  FP  hole 

•  1.5  x  10®  cycles 


_ _ _ _ 


•  Specimen  L2-1-10 

•  1/8  FPslit 

•  Preload 

•  Residual  static 


•  Specimen  L2-1-14 
•3/8  FPslit 

•  Preload 

•  Residual  static 


•  Specimen  L2-1-42 

•  5/8  FP  slit 

•  103  cycles 

•  Residual  static 


Figure  E-8 .  Laminate  L2  Test  Specimens  Containing  a  Full-Penetration  Slit 


•  Specimen  L2-1-35 

•  1/8  FP  slit 

•  Preload 

•  1.5  x  10®  cycles 

•  Residual  static 


Figure  E-9.  Laminate  L2  Test  Specimens  Containing  a  Full-  or  Half-Penetration  Slit 


•  Specimen  L2- 1-16 

•  3/8  HP  slit 


•  Preload 

•  Residual  static 


•  Specimen  L2-1-19 

•  5/8  HP  slit 


•  Static 


2 


•  Specimen  L2-3-1 

•  172  kPa(25  lb/in^  cure 


•  Specimen  L2-4-2 

•  86  kPa(12.5  lb/in^)  cure 


•  Specimen  L2-2-3 

•  345  kPa/(50  lb/in^)  cure 

•  1.5  x  10®  cycles 

•  Residual  static 


•  Static 


•  Static 
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•  Specimen  L3-1-7 

•  5/8  FP  hole 


•  Specimen  L3-1-29 

•  3/8  FP  hole 

•  1.5  x  106  cycles 

•  Residual  static 


•  Specimen  L3-1-28 

•  1/8  FP  hole 

•  Preload 


•  10  cycles 

•  Residual  static 


Figure  E- 1 1.  Laminate  L3  Test  Specimens  Containing  a  Full-Penetration  Hole 


•  Specimen  L3-1-40 

•  1/8  FPslit 

•  1 0'*  cycles 

•  Residual  static 


Figure  E-12.  Laminate  L3  Test  Specimens  Containing  a  Full-Penetration  Slit 


•  Specimen  L3-1-14 


3/8  FP  slit 


Preload 


Residual  static 


•  Specimen  L3-1-17 

•  5/8  FP  slit 

•  Static 


">r~ 


•  Specimen  L3-1-60 

•  5/8  HP  slit 


•  Specimen  L3-1-15 

•  3/8  HP  slit 


•  Specimen  L3-1-44 

•  1/8  HP  slit 

•  10^  cycles 

•  Residual  static 


•  10°  cycles 

•  Residual  static 


•  Static 


Figure  E- 13.  Laminate  L3  Test  Specimens  Containing  a  Half-Penetration  Slit 


•  Specimen  L3-2-5  •  Specimen  L3-2-6 

•  5/8  FPslit  •  5/8  HP  slit 

•  Preload 

•  Residual  static  •  Static 

Figure  E-14.  All-Graphite  Laminate  L3  Test  Specimens  Containing  a  Full-  and  a  Half-Penetration  Slit 
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•  7,300  cycles 

•  Fatigue  Failure 


•  22,800  cycles 

•  Fatigue  failure 


•  3,100  cycles 

•  Fatigue  failure 


Figure  E-15.  Tension-Compression  Fatigue  (R  =  -1.0)  Laminate  L 1  Test  Specimens 
Containing  a  Full -  and  a  Half-Penetration  Hole 
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